The dipeptide N-acetylglutaminylglutamine amide (NAGGN) was discovered in the bacterium Sinorhizobium meliloti grown at high osmolarity, and subsequently shown to be synthesized and accumulated by a few osmotically challenged bacteria. However, its biosynthetic pathway remained unknown. Recently, two genes, which putatively encode a glutamine amidotransferase and an acetyltransferase and are up-regulated by osmotic stress, were identified in Pseudomonas aeruginosa. In this work, a locus carrying the orthologous genes in S. meliloti, asnO and ngg, was identified, and the genetic and molecular characterization of the NAGGN biosynthetic pathway is reported. By using NMR experiments, it was found that strains inactivated in asnO and ngg were unable to produce the dipeptide. Such inability has a deleterious effect on S. meliloti growth at high osmolarity, demonstrating the key role of NAGGN biosynthesis in cell osmoprotection. β-Glucuronidase activity from transcriptional fusion revealed strong induction of asnO expression in cells grown in increased NaCl concentration, in good agreement with the NAGGN accumulation. The asnO-ngg cluster encodes a unique enzymatic machinery mediating nonribosomal peptide synthesis. This pathway first involves Ngg, a bifunctional enzyme that catalyzes the formation of the intermediate Nacetylglutaminylglutamine, and second AsnO, required for subsequent addition of an amide group and the conversion of Nacetylglutaminylglutamine into NAGGN. Interestingly, a strong conservation of the asnO-ngg cluster is observed in a large number of bacteria with different lifestyles, such as marine, symbiotic, and pathogenic bacteria, highlighting the ecological importance of NAGGN synthesis capability in osmoprotection and also potentially in bacteria host-cell interactions.
B
acteria that thrive in environments of elevated osmolarity possess specific mechanisms to adjust their internal osmotic status, and one of the widely used is the ability to accumulate low molecular weight organic osmolytes, the so-called compatible solutes (1) , which do not interfere with cellular functions. The spectrum of compatible solutes identified is limited and comprises sugars, polyols, amino acids and derivatives, quaternary amines and their sulfonium analogues, sulfate esters, and the dipeptide N-acetylglutaminylglutamine amide (NAGGN). Usually, a given bacterium employs a selection of several osmolytes, accumulated from external source or from de novo synthesis, and the composition of intracellular compatible solutes largely depends on the growth conditions (2) . The genetic processes involved in the accumulation of compatible solutes have been investigated in many bacteria, and various genes encoding uptake systems have been cloned and functionally characterized. In contrast, only few biosynthetic pathways of osmolytes have been completely elucidated at the molecular level, such as the most widely used ectoine, glycine betaine (GB), or trehalose. Genes involved in uptake or synthesis of compatible solutes are often regulated in an osmotically fashion at the transcriptional level, and this process contributes to the finely tuned osmolyte buildup (3) .
Among endogenous synthesized osmolytes, the dipeptide NAGGN has been originally identified in osmotically stressed cultures of the alfalfa root-symbiont Sinorhizobium meliloti (4). Ever since, its presence has only been reported in a very limited number of other soil bacteria from the Pseudomonas genus, and in few marine bacteria (5, 6) . Through physiological and biochemical approaches, some characteristics of NAGGN accumulation have been analyzed in S. meliloti (4) and in the human pathogen Pseudomonas aeruginosa (7) . In both bacteria, the endogenous pool of NAGGN increases with osmolarity and, in the absence of exogenous osmoprotective compound, the dipeptide is the predominant solute at high salt concentration. Interestingly, when GB is added to the growth medium the amount of endogenously synthesized NAGGN is severely reduced (7, 8) . In a pioneering study, Smith and collaborators have showed that the dipeptide synthesis does not occur ribosomally, and using an in vitro approach with crude extracts of S. meliloti cells, they have proposed that an intermediate, the N-acetylglutaminylglutamine (NAGG), can be produced from N-acetylglutamine and glutamine. In addition, they have suggested that the osmotically stimulated accumulation of the dipeptide requires a genetic induction. Although several mutants were isolated, none was completely devoid of NAGGN (9) , and the molecular characterization of the dipeptide biosynthetic pathway has not been conducted so far. Recently, a microarray analysis of P. aeruginosa PAO1 transcriptional response to osmotic stress has revealed the up-regulation of two contiguous genes that putatively encode a glutamine amidotransferase and an acetyltransferase (10) . Mutant strains in these two genes were impaired for growth in the presence of high NaCl concentration, and the authors made the presumption that these two genes might be implicated in the synthesis of NAGGN.
In this study, we report a genetic and molecular analysis of genes involved in the biosynthesis of NAGGN, the osmotically induced genes asnO and ngg of S. meliloti. We present evidence that Ngg triggers the formation of the dipeptide bond, producing the intermediate NAGG that is subsequently converted into NAGGN by AsnO. Remarkably, Ngg represents a unique enzymatic machinery mediating nonribosomal peptide synthesis. Furthermore, a comparison with all available bacteria sequences revealed that ngg and asnO are highly conserved in a large range of This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: alloing@unice.fr.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1003063107/-/DCSupplemental. bacteria with different lifestyles, including halophiles, mesophiles, and both plant and human pathogens. Thus, contrary to the presumption that NAGGN biosynthesis is limited to a few bacterial species, this study provides a broader insight into the possible role of NAGGN in enhancing the ability of bacteria to adapt flexibly to varying conditions in their habitats and to colonize different ecological niches.
Results

S. meliloti Genome Contains a Locus Putatively Involved in NAGGN
Synthesis. A BLAST search for proteins homologous to the products of PA3459 and PA3460 from P. aeruginosa PAO1 (10) was performed against the S. meliloti genome database (http://iant. toulouse.inra.fr/bacteria/annotation/cgi/rhime.cgi). Two proteins encoded by the contiguous ORFs SMb20481 and SMb20482 of the pSymb replicon were identified. The SMb20481 product is homologous to the putative glutamine amidotranferase encoded by PA3459 (55% identical amino acids) and the SMb20482 product shares 53% identical amino acids with the putative acetyltransferase encoded by PA3460. These high identities extend over the entire length of the proteins, which have similar size (591 residues vs. 589 for the products of SMb20481 and PA3459, respectively, and 595 vs. 585 for the products of SMb20482 and PA3460, respectively). DNA sequence analysis suggested that the two coding sequences belong to the same transcriptional unit, as they are separated by only 1 bp. A cluster of five genes potentially encoding the four components of a dipeptide ABC transporter (SMb20476 to SMb20479) and a transcriptional regulator (SMb20480) is located 122 bp upstream of SMb20481. At the 3′ extremity of the locus, another putative transcriptional regulator is encoded by a gene (SMb20483) divergently transcribed compared with SMb-20482 (Fig. 1A) .
The product of SMb20481 has been previously named AsnO in view of its similarity with the AsnO protein of Bacillus subtilis (11) . The sequence of both proteins shows residues conserved in members of the PurF family of glutamine-dependent amidotransferases, which use glutamine as nitrogen source for the biosynthesis of various compounds (12) . Within this superfamily, proteins that belong to the classB asparagine synthetase family, like Escherichia coli AsnB or B. subtilis AsnO, catalyze specifically the transfer of the amide nitrogen of glutamine to aspartic acid, and produce asparagine (13, 14) . Such specificity could not be ascribed to the S. meliloti AsnO, suggesting that another acceptor molecule is aminated by the enzyme (11) . This work also reported that the product of SMb20482 encodes a protein with two distinct regions, an N-terminal domain conserved in acetyltransferases and a C-terminal domain conserved in cyanophycin synthetases. The refined sequence analysis conducted here reveals that this protein might be a bifunctional enzyme with N-acetylating and peptide bond-forming activities. For the reasons developed here and described later, the SMb20482 product was called Ngg for N-acetylglutaminylglutamine synthetase. The N-terminal domain is typical of N-acetyltransferases from the GCN5-related Nacetyltranferase (GNAT) superfamily. These enzymes are involved in the N-acylation of aminoglycosides, peptides, polyamines, proteins, and other molecules (15) . They acylate their substrate by using an acylCoA and share a structurally conserved fold, the GNAT fold, involved in binding of the acyl donor (16) . Alignment between a part of the Ngg N-terminal sequence and three GNAT members showed the presence of the motifs involved in this fold in the S. meliloti sequence (Fig. 1B) , suggesting that Ngg catalyzes an N-acylation reaction. On the contrary to the N-terminal domain, the C-terminal domain of Ngg groups within the ATP-grasp family of ATP-dependent ligases. These enzymes, which catalyze the ATP-dependent ligation of a carboxylate containing molecule to an amino or thiol group-containing molecule, present an ATP-grasp fold with conserved amino acid residues in the regions of the phosphate-binding loop and the Mg 2+ binding site ( Fig. 1B) (17) . They participate to the synthesis of molecules containing peptide bonds such as cyanophycin, peptidoglycan, or glutathione (18, 19) .
In view of the fact that NAGGN is a modified dipeptide formed by an N-acetylated glutamine and a glutamine carrying an extra amide group, the potential catalytic properties of AsnO and Ngg are consistent with their involvement in NAGGN biosynthesis, as we propose in Fig. 2 . In a first step, Ngg catalyzes both the Nacetylation of one glutamine and the formation of a peptide bond with a second glutamine, producing the intermediate NAGG. In a second step, the protein AsnO transfers the amide nitrogen of another free glutamine to the second glutamine of NAGG, giving rise to NAGGN.
asnO or ngg Inactivation Stops NAGGN Synthesis. To assess the role of the asnO-ngg cluster in NAGGN synthesis by S. meliloti, we compared the capacity of the WT strain Rm2011, an asnO mutant, isolated after transposon mutagenesis (20) and called here AsnO°, and an ngg mutant (strain UNA442) to accumulate NAGGN. Cultures were grown to late exponential phase in MCAA growth medium containing 0.3 M NaCl, and the cellular content was analyzed by 13 C NMR. NAGGN and glutamate were accumulated in the WT strain as previously observed (4), whereas only glutamate could be detected in both mutant strains (Fig. 3A) , demonstrating that the integrity of asnO-ngg cluster is required for NAGGN synthesis.
Ngg Is Involved in the Synthesis of NAGG. According the pathway proposed earlier (Fig. 2) , a strain deficient in AsnO should accumulate a NAGGN intermediate generated by Ngg. To explain why this intermediate was not characterized from the AsnO°e xtracts, we postulated that the Tn5 insertion in asnO gene had a polar effect on the expression of the downstream ngg gene because the asnO-ngg cluster is an operon. Consequently, an asnO mutant created by a potentially leakier insertion and called here AsnO 1/2 was analyzed as described before. In this strain, the transposon was inserted 1,103 bp downstream the beginning of asnO coding sequence instead of 164 bp in AsnO°( Fig. 1 and Table S1 ; also see http://www.cebitec.uni-bielefeld.de/CeBiTec/ rhizogate). A 13 C NMR spectrum of an extract from salt-stressed cells of AsnO 1/2 showed the presence of fair unidentified signals in addition to the already observed glutamate signals (Fig. 3B) . To confirm the correlation between these signals and a functional ngg, this gene was expressed from a stable plasmid (pSM37) in the AsnO°mutant. Carbon 13 NMR analysis of osmolytes accumulated in such salt-stressed cells revealed the signals detected in the cell extracts of AsnO 1/2 , and thus corroborated their Ngg origin (Fig. 3B) . To obtain structural information on the product synthesized by Ngg, a combination of one-dimensional and 2D NMR analyses was performed on the extracts from the strain AsnO°p SM37. These analyses offer evidence for the formation of a peptide compound structurally similar to NAGG (SI Materials and Methods, Table S2 , and Fig. S1 ). Additional support for this structural assignment was obtained by comparison of NMR data for the purified compound with those for a synthetically prepared NAGG (Fig. 3C and SI Materials and Methods). The slight variations in chemical shift positions between the NAGG in cellular extracts and after purification (compare Fig. 3B with Fig. 3C ) are attributed to differences in the osmolyte environment. Furthermore, the purified NAGG exhibited the expected molecular mass (SI Materials and Methods and Fig. S2) . Altogether, these results demonstrated that the ngg gene mediated the NAGG synthesis and confirmed the proposed pathway.
Incapacity to Synthesize NAGGN Is Deleterious for Growth of S. meliloti at High Osmolarity and Fairly Compensated by Exogenous GB. NAGGN is accumulated only at high osmolarity and thus, has been considered as a compatible solute. To get direct evidence, various growth experiments using, in parallel, the WT strain Rm2011 and the AsnO°mutant strain were performed. Clearly, growth of the asnO mutant was more affected than growth of the WT strain in MCAA medium containing 0.4 or 0.6 M NaCl, whereas the two strains had a similar growth rate in MCAA medium without NaCl (Fig. 4A) . Inhibition was drastic upon the addition of 0.6 M NaCl, a growth condition in which NAGGN has been shown to be the major osmolyte in WT strain (8) . Growth of the two strains was also compared in the presence of GB, a very efficient osmoprotectant in S. meliloti (6) . The addition of 1 mM GB in MCAA medium containing 0.4 or 0.6 M NaCl improved the growth rate of the asnO mutant (Fig. 4B) , which suggested that the accumulated GB counteracted the defect in NAGGN. Taken together, these results demonstrated that NAGGN synthesis and accumulation are important for bacterial growth and division at high NaCl concentrations in the absence of exogenous osmoprotective compound.
Osmotic Induction of asnO and Reverse Effect of GB. The accumulation of NAGGN has been shown to increase as a function of salt concentration in the growth medium, and more largely to depend on medium osmolarity; such accumulation is limited by the addition of GB (8, 21) . To examine if these factors control the expression of NAGGN biosynthesis genes, β-glucuronidase activity was monitored in the AsnO°strain, which contains an asnO-gus transcriptional fusion. First, gene expression was analyzed in cultures grown for 24 h in media of various osmolarities (Fig. 4C) . The level of asnO-gus expression increased with NaCl concentration and reached a maximum value at 0.5 M NaCl, showing that the induction level of NAGGN synthesis genes largely reflected the amount of NAGGN previously quantified. Similarly, high osmolarity resulting from the addition of KCl or sucrose induced asnOgus expression (Fig. 4C) . Second, the effect of exogenous GB on asnO expression was investigated by comparing β-glucuronidase activity in AsnO°cultures grown in MCAA medium containing 0.4 M or 0.6 M NaCl, with or without 1 mM GB. After 24 h growth in the presence of GB, the NaCl stimulation of the β-glucuronidase activity was reduced by approximately twofold, suggesting that the accumulated GB modulated the osmotic induction of asnO expression (Fig. 4D) . In cells grown in the absence of NaCl, exogenous GB had no effect on asnO expression. Thus, the accumulation of NAGGN results from a tight control of the expression of genes involved in the dipeptide synthesis relative to external osmolarity and GB availability.
NAGGN Biosynthesis Pathway Is Conserved. Until now, accumulation of NAGGN has been demonstrated only in few bacteria such as various Pseudomonas species (22) . To investigate the possible presence of NAGGN synthesis pathway in other organisms, a search for proteins homologous to AsnO and Ngg has been conducted. Such proteins have been detected only in the bacterial databases; 60 species have a gene encoding a protein closely related to AsnO, and among them 39 have an ngg homologue. The asnO and ngg genes are always contiguous and form a potential operon in which asnO is the first gene transcribed. The identities between AsnO and Ngg from S. meliloti and their respective homologues are particularly high, varying in the case of AsnO from a maximum of 94% identical residues (Sinorhizobium medicae) to a minimum of 51% (Mycobacterium sp. MCS), and in the case of Ngg from 91% (S. medicae) to 49% (Hahella chejuensis; Table S3 ).
The asnO-ngg arrangement is present in the genome of bacteria from Proteobacteria (α, β, γ classes), Actinobacteria (actinobacteria class), and chlorobi (chlorobia class) phyla. It is scattered within a few families and can occur in certain species of a given genus and not in others in which the complete sequence is available, e.g., an ansO-ngg type cluster is present in Methylobacterium nodulans and sp. 4-46 but not in Methylobacterium radiotolerans, Methylobacterium populi, or Methylobacterium extorquens, or in several Mycobacterium species, but not in Mycobacterium leprae, Mycobacterium tuberculosis, Mycobacterium marinum, or Mycobacterium ulcerans. This type of sporadic distribution in taxonomically distant bacteria is often associated to operon genes encoding secondary metabolites and inherited by horizontal gene transfer (23) . Phylogenetic relationships among homologues of AsnO and Ngg are consistent with an acquisition via horizontal gene transfer, as the corresponding phylogenetic trees revealed clustering patterns that are not congruent with the taxonomic status of the strains based on the topology of 16S rRNA gene tree (Fig. S3) .
Several marine bacteria possess an asnO-ngg cluster, i.e., the three chlorobia, several proteobacteria (Aurantimonas sp. SI85-9A1, Fulvimarina pelagi, α-proteobacterium, H. chejuensis, Stappia aggregata, Labrenzia alexandrii, Brevundimonas sp. BAL3), and actinobacteria (Salinospora arenicola and Salinospora tropica). Among them, the chlorobia Prosthecochloris aestuarii and Chlorobaculum parvum and the two members of the Salinospora genus are seawater-requiring bacteria undoubtedly adapted to permanent high salinity. The cluster also occurs in strains coping with frequent salinity fluctuations such as Magnetococcus sp. MC-1 strain isolated in Pettaquamscutt Estuary (Rhode Island, United States) and Mycobacterium vanbaaleni strain isolated in the watershed of Redfish Bay (Texas, United States). Soil bacteria, also exposed to large modulation of osmolarity, living in a free-living form (Azotobacter vinelandii, M. sp. 4-46, Mycobacterium gilvum, Mycobacterium smegmatis, Kineococcus ratiotolerans) or frequently associated to plant or human (Aromatoleum aromaticum sp. EbN1, M. nodulans, Sinorhizobium and Pseudomonas species, Mycobacterium avium, Ochrobactrum anthropi) also contain an asnO-ngg. Taken together, these observations suggested that this region has been widespread between bacteria living in different ecosystems and, although detailed studies are required to verify and characterize the effective production of NAGGN in such bacteria, underscore the physiological relevance of the dipeptide in organism adaptation to fluctuations imposed by the environment.
Discussion
In this study, we presented a functional characterization of genes involved in NAGGN synthesis, a dipeptide previously identified as an osmolyte in only few bacteria, and we showed that these genes and their organization are conserved among many divergent bacterial species. We demonstrated that NAGGN synthesis in S. meliloti required the integrity of asnO-ngg cluster, Ngg triggering first the synthesis of the intermediate NAGG and AsnO its subsequent conversion into NAGGN. These two proteins represent a unique enzymatic machinery mediating nonribosomal peptide synthesis in bacteria, which differs from the nonribosomal peptide synthetases, the poly-γ-glutamate, cyanophycin, and glutathione synthetases, the D-alanine:D-alanine ligase, the L-amino acid α-ligase, and others (24) . The dipeptide formation is mediated by Ngg, which appears to be a bifunctional protein also catalyzing an acetylation reaction. Peptide synthetases with modular organization have been described previously. However, conversely to Ngg and excepting some nonribosomal peptides (25) , they catalyze only peptideforming reactions. For example, CyaH incorporates an Asp or Arg residue into a cyanophycin primer using two distinct ATPdependent ligase activities (19) , and the synthesis of the tripeptide glutathione (γ-glutamyl-cysteinylglycine) in S. agalactiae is mediated by a bifunctional enzyme, GshAB, that contains the γ-glutamylcysteine and glutathione synthetase activities usually found on two distinct proteins (26) . By its N-terminal domain, the Ngg protein belongs to the enormous family of GCN5-related N-acetyltransferases. In bacteria, these enzymes participate in important metabolic pathways such as the synthesis of spermidine and mycothiol, or in the extension mechanism of pepdidoglycan in Gram-positive bacteria (15, 27) . An example of a bifunctional enzyme containing a GNAT domain is GlmU, which catalyzes the acetylation of glucosamine-1-phophate and its subsequent uridylylation to give UDP-N-acetylglucosamine (28) . Multiple representatives of this family are present on any sequenced genome, but most of them have not been functionally characterized and their substrates are still unknown. Within the S. meliloti genome, 22 of the 38 ORFs annotated as encoding acetyltransferases belong to the GNAT family, two have been ascribed as acetylating ribosomal proteins, and one as a GlmU homologue. The demonstration that Ngg is involved in the biosynthesis of NAGG is a unique functional characterization of a GNAT protein in this symbiotic bacterium. Our results give a molecular support to the previous in vitro experiments that have proposed the formation of NAGGN with NAGG as a potential intermediate (9) . However, conversely to these preliminary results, the bioinformatic analysis of the Ngg sequence indicated that NAGG formation can occur directly from two glutamines and not from one N-acetylglutamine and one glutamine. A possible explanation for this discrepancy is the absence of AcCoA in the in vitro reaction mixture, and thus only the Ngg activity making a peptide bond between N-acetylglutamine and glutamine could be seen. Nevertheless, additional biochemical work is still needed to establish (i) the sequence of the two reactions catalyzed in vivo by Ngg and (ii) if N-acetylglutamine can directly be used in vivo as a substrate.
The asnO gene is required for the final step of NAGGN synthesis, i.e., the addition of a NH 2 group to the NAGG moiety thus creating a C-terminal amide group. As a member of the PurF family, AsnO most likely catalyzes the removal of the NH 2 group from glutamine via its N-terminal domain, then transfers it to NAGG within its C-terminal domain. This is an example of an enzyme similar to the E. coli AsnB that is not involved in asparagine synthesis (29, 30) . Sequence comparisons indicate that the proteins closely related to the S. meliloti AsnO group into the amidotransferase AsnB family, but that they are distinct from previously identified members of this family (Fig. S4) . Such distribution supports the idea that AsnO-like proteins have their own catalytic properties. Consequently, the presence of AsnO homologues in bacteria that do not encode a Ngg homologue, such as in Frankia alni or in Methylobacterium extorquens, remains intriguing, and its biological significance is still far from clear.
The high degree of sequence identity among the AsnO and Ngg proteins and the preservation of the asnO-ngg organization in various bacteria showed that the NAGGN biosynthetic pathway is evolutionally well conserved in the bacterial kingdom. It is also obvious that NAGGN is produced within a taxonomically and physiologically diverse set of bacterial species. In particular, the presence of asnO-ngg cluster on the genome of several marine bacteria and in bacteria subjected to osmolarity fluctuations in their environment indicate that NAGGN could participate in the responsiveness to seawater salinity and osmolarity variation. Our results (Fig. 4A) show that the growth of an asnO mutant that does not produce any NAGGN is much more affected than the growth of the WT strain in a medium of elevated osmolarity, and thus offer definitive evidence of the efficiency of the dipeptide for osmoprotection of the cells. Interestingly, the asnOngg cluster of S. meliloti is located within a region of the pSymb replicon that has been shown recently to be important for osmoprotection, and hence for the survival of the free-living form in the rhizosphere (31) . Our analysis with an asnO transcriptional fusion revealed that, in the absence of exogenous osmoprotective compound, an increasing NaCl concentration triggers an increase in the expression of the asnO-ngg operon (Fig. 4C) . It is also noteworthy that the presence of exogenous compatible solute, such as GB, has a reverse effect on this induction (Fig.  4D) . Thus, it is obvious that the cells sensitively adjust the expression of the asnO and ngg genes with a direct consequence on the NAGGN content. It has already been assumed that the biosynthesis of organic compatible solute is energetically more costly than the uptake of osmolytes from the environment when available (32) .
All the genomes carrying the asnO-ngg cluster encode a conserved putative peptidase, with the exception of Mesorhizobium sp., M. avium, M. vanbaalenii, M. gilvum, M. smegmatis, and M. sp. MCS. Two different organizations are observed: (i) the gene encoding the peptidase is located immediately downstream ngg for 26 of the 40 asnO-ngg clusters, such as in P. aeruginosa (ORF PA3461), or (ii) this gene is found elsewhere on the genome in eight cases, like in S. meliloti (ORF SMb20466). This peptidase belongs to the M42 peptidase family that contains aminopeptidases hydrolyzing acylated N-terminal residues (33) . Despites the fact that its role still remains to be established, one can suggest that such peptidase could play a role in balancing NAGGN pool during adaptation to osmotic fluctuations. In addition, particularly during an osmotic down-shock, a direct release of the dipeptide cannot be excluded. The presence of genes encoding a putative dipeptide ABC transporter located directly upstream of asnO might suggest such possibility or an efflux of hydrolysates.
Another attractive and intriguing feature about the asnO-ngg cluster comes from the work of Berges and collaborators (11) . The authors have shown that a mutation in the asnO gene impaired the activity of FixT, an antikinase that inhibits the FixLFixJ two-component system that controls the expression of nitrogen fixation genes in bacteroid, the symbiotic form of S. meliloti. It is thus tempting to argue that the NAGGN biosynthetic pathway could play an important role inside the nitrogen-fixing nodules. These data, together with the presence of an asnO-ngg cluster on the genome of pathogenic or symbiotic bacteria, offer insights into the relationships between osmoadaptation and host interactions. In view of the variety of stresses encountered by pathogenic bacteria during the course of infection, a number of osmoprotective compounds have already been linked to the virulence potential of certain pathogens (34) . Therefore, our study raises questions about the effectiveness of NAGGN as a latent virulence factor in pathogenic bacteria. AsnO and Ngg proteins, which are conserved in animal and human pathogens (M. avium, P. aeruginosa, Pseudomonas mendocina, and O. anthropi), but absent in eukaryotes, could be consequently attractive targets for antibacterial drugs.
Finally, the characterization of the asnO-ngg cluster offers a set of biosynthetic genes for metabolic engineering technology, to install the production of NAGGN in bacteria or agriculturally important crop plants to improve their tolerance to osmotic stress.
